INTRODUCTION
The reorganization of the visual cortex that occurs after monocular deprivation is one of the most striking examples of developmental plasticity in the mammalian brain. Most cells in the visual cortex of very young kittens Pettigrew, 1974; Blakemore & Van Sluyters, 1975) and newborn monkeys already receive excitatory input from both eyes; but occlusion of one eye causes the majority of neurones to become monocularly driven by the non-deprived eye (e.g. , 1965a Hubel & Wiesel, 1970; Baker, Grigg & Von Noorden, 1974; Crawford, Blake, Cool & Von Noorden, 1975; Hubel, Wiesel & LeVay, 1977) . As little as a day of deprivation can provoke such a change in the kitten (Olson & Freeman, 1975; Movshon & Diirsteler, 1977) , as long as it occurs at about 4 weeks of age, the height of a so-called 'sensitive period', which fades away during the third month (Hubel & Wiesel, 1970) .
The physiological effects of monocular deprivation have been more thoroughly explored in kittens than in monkeys. Yet primates, with the extreme tidiness of their cortical lamination and the orderliness with which afferent fibres terminate there, offer a greater opportunity to discover the structural basis of these effects. It is known that axons from the laminae of the lateral geniculate nucleus serving the individual eyes terminate mainly within layer IV, in a pattern of non-overlapping 'stripes' (see . When a micro-electrode passes tangentially through layer IV, it encounters successive groups of neurones strongly dominated by one eye then the other, corresponding to the anatomically defined bands of termination (LeVay, Hubel & Wiesel, 1975) . Early monocular enucleation or deprivation leads to shrinkage of the territory occupied by deprived afferent axons .
Thus, within the fourth layer of the cortex, the physiological effects of monocular deprivation seem to depend on a simple abnormality in the distribution of the two sets of terminals. However, the precise rules by which geniculate axons become sorted out within the cortex of both monocularly deprived and normal baby monkeys are not yet completely clear. It is unknown whether totally different principles underlie the more exaggerated changes that occur in the other layers of the cortex. 
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rectal temperature (which was maintained at 38 'C). The e.e.g. gave us a good indication that the infusion of Nembutal maintained a state of light anaesthesia. In a number of animals we omitted relaxant from the infusion mixture, at intervals throughout the experiment, until the monkey could maintain its own respiration, and we then confirmed that it was lightly but adequately anaesthetized, with a little spontaneous movement but only a weak withdrawal reflex. The dose of Flaxedil was adequate to restrict eye drift to a total range of just a few degrees over the whole experiment.
All the animals were kept in apparently excellent physiological condition by these procedures and recording was continued for 36-48 hr, during which time we were able to collect an average of 141 units from each animal.
Right Left -6 \~~~~~~~~~~T ext- fig. 1 . Side views of the brain of a juvenile patas monkey. The dotted line behind the lunate sulcus is the approximate position of the border between areas 17 and 18, which represents the vertical meridian. The filled circles indicate the positions of all penetrations in this study. The arrow shows the standard angle of penetration projected onto the parasagittal plane but in two cases the electrode was exactly vertical. Lines marked + 10 to -60 plot the approximate projections of horizontal meridians in the visual field (negative = below projection of fovea).
Recordings were made with glass-coated tungsten micro-electrodes (Merrill & Ainsworth, 1972) . Their uninsulated tips, which were about 15 4am long and tapered from about 3 jsm to less than 1 jam in diameter, were coated with gold and platinum black. Such electrodes recorded rich background activity as well as a high yield of well-isolated single units, even amongst the very small cell bodies in layer IVc. Once a unit had been isolated, the amplified signal was monitored on a storage oscilloscope to check constancy of the wave form. Responses were judged by listening to the spikes on an audiomonitor. The electrode was advanced by a steppingmotor microdrive (Narishige SM-21) with a 1 #sm step size. In combination with finely tapered electrodes, this system has negligible mechanical hysteresis. We were usually able to record excellent units as we withdrew the electrode from each penetration, and found that distinctive features, such as the abrupt transitions of ocular dominance in layer lvc, were encountered at almost precisely the same depths as on the way down.
Visual stimuli, such as moving and flashing spots, bars and edges, were back-projected on the tangent screen by manipulating cut-out shapes on the stage of an overhead projector. The dark parts of the pattern had a luminance of about 5 cd/M2 while the light parts were 05-1-0 log unit brighter. A partial reflector between projector and screen cast images on sheets of paper, where receptive fields were plotted. If white light was ineffective in driving a unit, broad-band filters were used to provide coloured stimuli. We only resorted to coloured patterns when units would not respond reliably to white light, so we certainly underestimated the true proportion of colour-sensitive units (Hubel & Wiesel, 1968;  Michael, 1972; Dow & Gouras, 1973; Dow, 1974 , Yates, 1974 Gouras, 1974; Poggio, Baker, Mansfield, Sillito & Grigg, 1975; Bertulis, Guld & Lennox-Buchtal, 1977) . They were indeed few in number but, in common with other investigators, we found them in distinct clusters, perhaps because of a system of colour-selective 'nests' within the cortex (Hubel & Wiesel, 1968 The head was then replaced in the stereotaxic instrument and a scalpel blade mounted in the manipulator, which was set to the same angle as when it held the micro-electrode. Small blocks containing each penetration were then cut out. First, two parallel scalpel cuts were made in the cortex, a few millimetres apart, in planes that were judged to be normal to the surface (roughly parallel to the lunate sulcus). The scalpel blade was then rotated to an angle orthogonal to this first one, and another pair of cuts was made, medial and lateral to the penetration. Each block was undercut and removed, post-fixed and left to sink in a solution of 10% sucrose in fixative. It was then frozen and sectioned at 40 jAm, cutting parallel to the fir8t pair of scalpel cuts. The sections were mounted and stained with cresyl violet. Since the scalpel blade was always parallel to the penetration, this produced sections of the cortex, approximately normal to the surface, in which the two sides of each section (made by the second pair of scalpel cuts) ran across the cortex at the same angle as the electrode track, providing a helpful clue to its orientation. This method made it possible for us to identify every penetration, even those in which lesions were not made. In fact in the majority of cases we found it unnecessary to make lesions: we simply noted the microdrive readings when the electrode first touched the cortex (appearance of background 'swish') and when it reached the white matter (loss of orientation-selective swish and injury discharges and appearance of fibre-like activity for at least a few hundred csm beyond). Since the cortex is relatively flat in the region just above the foveal representation, almost all penetrations, even though quite oblique, did reach white matter. Examination of the sections allowed determination of shrinkage (usually about 5 %) by comparison of the total track distance within the grey matter on the section and the difference between the microdrive readings for surface and white matter.
In this paper we use numbering scheme for cortical lamination, illustrated in PI. 1, which also shows an electrode track.
Experimental strategy for analysis of ocular dominance
In order to study the pattern of ocular dominance columns it was essential: (1) to penetrate obliquely, so that the electrode would cross a number of stripes of afferent termination within layer W~c, and (2) to choose a site and orientation of penetration such that the vector of the angle of the electrode parallel to the cortical surface should run roughly orthogonal to the overall pattern of stripes. This avoided intersecting the stripes at a large angle and hence obtaining aberrant estimates of their widths.
We therefore made all penetrations in area 17 just above the foveal representation and a few millimetres behind the 17/18 border. Here the stripes run as fairly regular bands, parallel to the representations of horizontal meridians (Text- fig. 1 ), towards the 17/18 border (LeVay et al. 1975 ). The electrode was driven slightly antero-medially; the filled arrows in Text- fig. 1 show the angle of penetration projected on the parasagittal plane, running approximately orthogonal to the expected array of ocular dominance stripes. The track usually made an angle of 35-40O to the cortical surface in the plane orthogonal to the surface. In a few cases we used an even shallower angle to provide more nearly tangential penetrations through layer Wc.
In order to gain truly representative samples for analysis of ocular dominance we used one of two strategies: (1) studying every neurone that could be isolated or, (2) taking units at regular intervals (usually 100 #tm) by moving the electrode back and forth for a short distance around each stopping place until a cell was isolated (Stryker & Sherk, 1975) .
In general only one of these strategies was employed throughout a whole penetration. However, large steps were sometimes too coarse to allow precise determination of column boundaries within layer IVc; so in such penetrations we usually switched from regular intervals to continuous searching as soon as the electrode entered IVc (a very distinctive event; vide infra).
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One experimenter judged the ocular dominance group of every unit, and he was unaware of the history of each animal until after the experiment.
Text- fig. 2 illustrates results for an animal in which two parallel penetrations were made about 1.5 mm apart in the right hemisphere. (This monkey was an adult, about 4 years old, which was monocularly deprived in the right eye for 6j months. However, as we shall demonstrate later, the cortex was apparently unaffected by this procedure and hence can be regarded as normal.) Both tracks extended from surface to white matter (though in penetration R2 units were only sampled down to a depth of 15 mm and then the electrode was deliberately advanced straight to the white matter). On the left of Text- fig. 2 are schematic reconstructions of these two penetrations showing the ocular dominance groups (Hubel & Wiesel, 1962) of units encountered. Dominance meandered back and forth in the manner characteristic of oblique penetrations across the ocular dominance 'columns' . It is almost certain that such 'columnar' regions of relative dominance by one eye then the other are radial extensions of influence, up and down through the cortex, from the totally segregated bands of termination in layer IV (Sokoloff, 1975) .
Both sequences of ocular dominance moved into a region of strong ipsilateral influence about 0 5 mm from the surface, then into a contralaterally dominated zone at about 1 0 mm and back into an ipsilateral region around 1-5 num or so. In this case the average repeat distance, for transition of a complete left-eye/right-eye 'hypercolumn' (see was perhaps slightly more than 1 mm. When corrected for the angle of about 600 that the tracks made with the laminate through most of the depth of the cortex, this gives a surface-parallel repeat distance of 0-5 mm or more; this is within the range found by Hubel & Wiesel (1972) for the combined width of a pair of stripes of termination, in layer IV.
We therefore conclude that the surface-parallel vector of these two penetrations ran approximately orthogonal to the pattern of stripes, and that they probably traversed the same set of columns running forward towards the 17/18 border.
RESULTS
Our principal aim was to study the effects of reverse suturing (four animals) but we also recorded from three straightforward monocularly deprived animals and one normal control. We were especially keen to gain information about the sizes of the stripes of termination in layer IV c. Because baby monkeys are scarce we studied large numbers of units from both hemispheres in each monkey: 1127 isolated neurones were recorded in area 17, the minimum number from a single monkey being 72, the maximum 229. All receptive fields were centred between o and 3.50 from the fovea, and most were within 20. They usually lay just below the projection of the fovea, and slightly to the contralateral side of the vertical meridian, in accordance with the positions of penetration (Text- fig. 1 ).
Part I. Ob8ervation8 on normal cortex We recorded 229 single units from four penetrations in a normal 8-month-old patas monkey (P7711). From this (and from the responses through the non-deprived eye in the monocularly deprived animals) we gained some impression of the organization of the normal visual cortex.
For each cell that was selective for orientation, we determined, in each eye, the optimal orientation and the total angular range over which the cell would respond. By testing the responses to stationary bars and edges, and employing Hubel & Wiesel's (1962 , 1968 ) criteria, we attempted to classify each oriented cell as simple, complex or hypercomplex, though in the time available (given that our principal interest was in ocular dominance) this was not possible for every cell. In general our observations confirmed closely those of Hubel & Wiesel (1968 , 1977 (Movshon, 1975 (Hubel & Wiesel, 1962) Dow (1974) , Poggio et al. (1975) and Schiller, Finlay & Volman (1976a) that simple cells can be recorded in most, if not all cortical layers. However, we also concur with Hubel & Wiesel (1968) that a band of distinctive, monocularly driven simple cells is usually encountered just above the non-oriented units of layer IVc.
Complex cells were also found in all layers but were very rare in IVc. They seemed less distinctively different from simple cells in their velocity preferences than Movshon (1975) has reported for the cat, but without quantitative methods it is difficult to make this point reliably. A number of cells that were otherwise complex had pronounced direction selectivity even for small moving spots and were very broadly 'tuned'. They were presumably the 'class IV, direction selective complex cells' of Dow (1974) and were similar to the so-called 'pure direction selective cells' in cat cortex (e.g. Palmer & Rosenquist, 1974; Blakemore & Van Sluyters, 1975) . We found them quite often below layer IV and it is therefore likely that some of them were corticotectal cells (Finlay, Schiller & Volman, 1976) . We came across several hypercomplex cells (Hubel & Wiesel, 1968) , especially in the superficial layers (Gouras, 1974; Poggio et al. 1975; Schiller et al. 1976 a).
Non-oriented cells outside layer IVc
Hubel & Wiesel (1968) , who first discovered units with circularly symmetrical receptive fields in layer IV, have not reported them in significant numbers in other layers. However, other groups have found non-oriented units outside layer IV (Spinelli, Pribram & Bridgeman, 1970; Dow & Gouras, 1973; Dow, 1974; Gouras, 1974; Poggio et al. 1975; Schiller et al. 1976a ). We were particularly concerned about this question, because in the normal cat non-oriented cells are very rare, but they are more common after monocular deprivation and reverse suturing (Blakemore & Van Sluyters, 1974; Movshon, 1976) .
In the normal monkey we too found a few non-oriented neurones (four out of 114 units) outside histologically defined IVc: by all the usual criteria they were recordings from cell bodies, and three of them were binocularly driven.
Sequences of preferred orientation
Virtually every penetration (even in the deprived animals) revealed remarkable, progressive sequences of preferred orientation, from one unit to the next, as described by Hubel & Wiesel (1974) .
Text- fig. 3 contains an analysis of one penetration (L2) in the normal monkey. On the right is a camera lucida tracing of a section containing the penetration, which is drawn as a thick line, indicated by a filled arrow. The positions of two electrolytic lesions are marked. Note the way in which the trimmed edges of the section cut through the cortex at roughly the same angle as the electrode (see Methods). The borders of lamina I, lamina IV c (including both a and fi subdivisions) and the edge of the white matter are also indicated. In this case, exceptionally, the plane of section ran rather obliquely through layer IV, because the penetration was near a dimple in the cortex.
The two graphs plot, as a function of distance from the surface, the ocular dominance of the units (on the left) and their preferred orientations (on the right). In the diagram showing ocular dominance, filled circles refer to orientation-selective 232 C. BLAKEMORE, L. J. GAREY AND F. VITAL-DURAND neurones while unfilled circles indicate non-oriented units (thought to be recordings from cell bodies). Most of the latter were clustered as a dense group of monocular units (groups 1 and 7) in a region of the track virtually identical to histologically defined layer IV c. In the first part of this penetration units were sampled in unusually large steps of 250 ,um. In the graph of preferred orientations, units dominated by the right eye have the preferred orientation of the receptive field (in that eye) plotted as an unfilled circle. Filled circles show the best angle for units dominated by the left eye. Despite the large steps between units in the upper part of the track, there was a fairly clear progression of orientation amongst this sample of cells. Sequences continued without obvious disturbance as dominance switched from one eye to the other. Occasional reversals occurred in the direction of sequence, and the slope of the function relating orientation to distance varied from place to place (and even more so from penetration to penetration), as one would expect from the twisting form of the orientation 'slabs' (Hubel, Wiesel & Stryker, 1977) . Text- fig 
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a particularly impressive example of an orientation sequence that moves through more than 3600 in about 1-5 mm of the track, i.e. about 1-1 mm across the surface. These values are very similar to the maximum length of uninterrupted progression and the maximum rate of shift reported by Hubel & Wiesel (1974) .
In our total sample of 689 orientation-selective cells from all animals there was a slight anisotropy in the distribution of optimal orientations, preferences close to horizontal and vertical being more common than those for diagonal, though our data were not so striking in this respect as those of Mansfield (1974) .
Because of the problems of interpreting the true distribution of points when plotting on a repetitive, cyclical co-ordinate, such as orientation (Blaklemore, 1978) , we adopted a strict convention when preparing graphs of the type used by Hubel & Wiesel (1974) . The preferred orientation of each unit is plotted at the nearest possible point on the orientation axis to the value of the immediately preceding cell. This avoids the problem of deciding arbitrarily the relative positions of points when two oriented units are recorded some distance apart (e.g. at the beginning and the end oflayer Ic), and hence where the shift in orientation is considerable. Some caution is needed in the use of such graphs because even random sequences of angle can be made to appear quite regular. However, as shown by Hubel & Wiesel (1974) , if units in the monkey are recorded with fairly short gaps between them there are unequivocal sequences with small differences in orientation from one cell to the next.
Layer IVc
The distinctive properties of layer IVc (Hubel & Wiesel, 1968 , 1977 (Hubel & Wiesel, 1972) . However, we agree with Hubel & Wiesel (1968) that their receptive fields are often rather different from those of geniculate axons (which we certainly did record from time to time in both grey and white matter, but have entirely excluded from our analysis). Non-oriented cortical units tended to respond less briskly and were more demanding in their stimulus requirements than geniculate units; some of them lacked an obvious inhibitory surround (Dow & Gouras, 1973; Dow, 1974; Gouras, 1974; Poggio et al. 1975) . They had typically cellular wave forms quite unlike the tiny, brief action potentials of axons that were sometimes recorded amongst them. They were usually long in duration and negative-going, but sometimes, as the electrode came very close to the unit, the action potential became initially positive, and sometimes tri-phasic, typical of a recording from a cell body (see ). Further advance of the electrode occasionally caused a prolonged cell-type injury discharge; but perhaps because of the very small size of the stellate cells in IVc, injuries were less common there than in the rest of the cortex. We agree with Hubel & Wiesel (1968 , 1977 , Dow & Gouras (1973) , Dow (1974) , Gouras (1974) and Poggio et al. (1975) that there probably is a distinctive population of nonoriented cortical cells in layer IVc, and we have therefore separated them from the rest of the sample in analyses of ocular dominance.
Histological reconstruction of each penetration showed close correspondence between the borders of layer IVc and the zone of non-oriented, predominantly monocular units. They never disagreed by more than 100 jsm. In for instance, the boundaries of IVc determined from the histology, are shown on the two schematic reconstructions, where they delimit almost exactly the region of monocular, non-oriented units.
Knowing the angle of the track to the cortical laminae, and assuming, as explained above, that the surface-parallel component ran roughly orthogonal to the stripes of axonal termination, we were able to calculate the tangential width of each ocular dominance band within layer IV c. In this way videe infra) an attempt could be made to assess the variability in stripe width for each eye and to determine any consistent difference in width for the two eyes. Most of our penetrations only stayed in JVc long enough to pass across about three switches in dominance, but some were more productive. The long track (L2) in the normal animal (Text- fig. 3 ) remained in layer IVc for more than 5 mm. It crossed five switches in ocular dominance, and there were no consistent differences in size between regions devoted to the right eye (group 1) and those to the left (group 7).
Orientation-selective cells, usually simple and often monocular or very strongly dominated by one eye, were sometimes, as in Text- fig. 3 , recorded within the boundaries of IVc, mixed in with non-oriented units.
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Ocular dominance
The sample of units was always divided into two classes when considering their ocular dominance: (1) all non-oriented units with cellular wave forms, within the histological boundaries of layer IV c plus 100 /tm on either side, to allow for a margin of error in reconstruction, and (2) all other non-oriented cells, together with all orientation-selective (and direction-selective) cells wherever they were recorded. Schiller et al. 1976b) . Interestingly, there appears to be no pronounced overall dominance of the monkey's cortex by the contralateral eye, unlike the situation in the cat (Hubel & Wiesel, 1962; Blakemore & Pettigrew, 1970 fig. 5 ) shows that all but six of the seventy-two orientation-selective cells recorded in this track were dominated by the left eye and the majority of units were in group 7.
Close to the upper border of layer IVc there was a sudden appearance of monocular non-oriented cells, all of which were dominated by the left eye for about 600 jum. Then, as the electrode was leaving layer IV, there was a tiny region, about 100 ,um long, where background activity and units were exclusively driven by the deprived right eye and two non-oriented units were isolated.
Despite the virtually ubiquitous rule of the left eye, there was an impressive tendency for influence from the deposed right eye to linger on in a highly regular ' columnar' pattern, even outside layer IV c. In Text-fig. 5 , the filled bars along the edge of the ocular dominance graph show the regions in which unresolved background activity could be influenced through the contralateral, right eye (on the left) and the ipsilateral, left eye (on the right). There were only two small regions, including the patch already described at the edge of layer IVc, where there was no such activity driven from the non-deprived, left eye. But there was background 'swish' from the deprived eye too, in restricted areas about 100 #um across, at about 500 ,um intervals throughout the track. Within these areas there were almost always some cells with a receptive field in the deprived eye, and in some cases (see the end of the track) units were monocularly driven by the deprived eye.
This persistent, periodic representation of the deprived input, even after a significant episode of deprivation, is rather different from the situation in the cat, where background activity from the deprived eye (at least outside layer IV) is rather uncommon , 1965a . It is hard to avoid concluding REVERSAL OF MONOCULAR DEPRIVATION IN MONKEY 237 that the narrow regions of influence from the deprived eye throughout the cortex represent radial extensions of activity relayed from the surviving shrunken stripes of termination from the deprived afferent axons, found in layer IV and monkeys (Crawford et al. 1975) . of age. And it is certain that monocular closure, lasting more than a few days, between birth and the second month has pronounced effects on cortical ocular dominance (Hubel & Wiesel, 1970 , 1977 Baker et al. 1974; Crawford et al. 1975 suggestion that deprivation starting after about 6 weeks does not influence the stripes of termination in layer IV but can, if prolonged, produce other defects, we looked at one cynomolgus monkey (F7603) whose right eye was closed from 11-16 months of age. fig. 2 ), but because of the unusually steep angle of the electrode the distance traversed was about 0-3 mm and only three non-oriented units were recorded, all dominated by the left eye. We can draw no conclusions about stripe width in this animal; but in view of the failure of deprivation from 11 to 16 months to influence IV c, there is no reason to expect any change in an adult.
Comparison of ocular dominance histograms
In order to compare the over-all results in normal and monocularly deprived animals, the ocular dominance histograms for samples from the two hemispheres were combined, as if they were all from the right hemisphere. In other words, in the combined histograms (Text- fig. 8 ) cells in groups 1, 2 and 3 are totally, strongly or slightly dominated, respectively, by the left eye (regardless of which hemisphere they came from). Cells in groups 5, 6 and 7 are dominated by the right eye.
As already explained, data are analysed separately for non-oriented units that came within the defined boundaries of layer IVc (on the left in Text- fig. 8 ) and all other neurones (on the right).
The histograms for the normal animal (derived from Text- fig. 4 ) vindicate the strategy of sampling: both within IVc and outside it, roughly equal proportions of units were dominated by each eye. For the animal with early monocular deprivation (V7710) there is a suggestion that the proportion of units dominated by the deprived eye remained higher within IVc (17 % in group 7) than outside IVc (10 % in groups 5, 6 and 7). This matches our impression that representation of the right eye persisted as shrunken but otherwise normal 'columns' in layer IV c; but its influence through the rest of the cortex, while periodically distributed in just the same way, was often expressed as no more than a murmur of background activity.
Text- fig. 8 . Ocular dominance histograms for 'non layer W~c' and 'layer IVW' units (see and text) for the normal animal (P7711) and the three animals monocularly deprived in the right eye (V7710, F7603 and P62). Data from the two hemispheres are pooled and plotted as if they all came from the right hemisphere (group 1 units are dominated by the left eye, group 7 by the right). No data are shown for layer IVc for the monocularly deprived adult, since only three non-oriented cells, all driven by the left eye alone, were recorded in this animal. 
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The results of occlusion from 11 to 16 months (F7603) support (Movshon, 1976) . So, to be safe, we allowed a period of at least 4 months (from 16 to 211 weeks) for the animals to use their originally deprived eyes before recording.
Early reversal: at 51 weeks
The patas (P7708) that was reverse sutured at 51 weeks was a close experimental counterpart to the vervet (V7710), that was simply deprived until 51 weeks and then recorded. It is reasonable to assume that the cortex of P7708 was similar to that of V7710 (see ) at the time that it was reverse sutured (especially since its right eye had been closed from 2 days of age). How different the situation was when we recorded from P7708, after 16 weeks of use of the initially deprived right eye. The penetration (L2) illustrated in Text- fig. 9 is from the left hemisphere, so it can be compared directly with Text- fig. 5 . The two ocular dominance distributions are virtually mirror images: in Text- fig. 9 almost all units are in group 1: monocularly driven by the initially deprived right eye. Outside layer IVc there was only one small region, about 3 0 mm along the track, where there was no background activity from the right eye and cells were monocularly driven by the left eye. Just as the meagre residual influence from the right eye in V7710 was distributed in small regular patches along the track (Text- fig. 5 ), so, in P7708, the surviving activity from the left eye occurred in periodic regions where background activity and a few isolated units could be driven through the initially experienced left eye.
Not only were the majority of cells monocularly driven by the right eye, as if the initial period of deprivation had never happened, but their receptive field properties were normal. In this track, all cells beyond the immediate vicinity of layer IVc were orientation selective, their 'tuning' was not abnormal and the sequence of preferred angles (Text- fig. 9 ) was quite regular. Note too that the preferred orientations of the two units dominated by the left eye fitted in reasonably well with the over-all sequence of right eye orientations. In the four penetrations in this animal, seventy units (outside IVc) were dominated by the right eye; sixtynine were orientation selective and one was non-oriented through that eye. Only ten units were dominated by the left eye; six were oriented and four non-oriented. fig. 9 ). The sequence of preferred orientations was regular with no discontinuity as dominance switched from one eye to the other. Penetration L1 in the animal reverse sutured at 9 weeks (Text- fig. 11 ) was even more monocular. The newly experienced right eye had been less successful in taking over the cortex and many of the cells monocularly driven by the right eye, even outside layer IV c, were non-oriented. Text- fig. 11 . Penetration Li for P7703, a patas reverse sutured at 9 weeks. In this track units were sampled at regular intervals of 100 /tm.
by the newly experienced eye just as complete as the original degree of takeover by the initially experienced eye. Late reversal, however, seems not to change cortical ocular dominance at all; and reversal at the end of the second month causes an intermediate degree of recapture. Just as in reverse sutured kittens (Blakemore & Van Sluyters, 1974; Movshon, 1976) , binocular neurones are extremely rare. We have not looked at animals with very brief periods of reverse suture; in kittens binocular cells are somewhat more commonly encountered during the dynamic phase of recapture (Movshon & Blakemore, 1974; Movshon, 1976 ).
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C. BLAKEMORE, L. J. GAREY AND F. VITAL-DURAND Another characteristic of reverse sutured animals is the greater than normal proportion of non-oriented units outside layer IVc. This was especially true for units dominated by the originally deprived eye in the animal reverse sutured at 9 weeks. The same thing is seen in kittens reverse sutured at the start of the third month (Blakemore & Van Sluyters, 1974) . Equally, the occasional occurrence of visually unresponsive cells was probably significant, since we were able to drive every isolated neurone in the normal and monocularly deprived monkeys. Even amongst the visually responsive units a proportion were unusually sluggish, had poor stimulus selectivity and were rapidly fatigued by repetitive stimulation. This was particularly true for units dominated by the initially deprived eye in the two animals reverse sutured at intermediate ages. Movshon (1976) Compare the ocular dominance distribution with those in Text- fig. 5 and 9. Reverse suturing seems to have had no effect.
receptive fields that reappear in the originally deprived eye of a reverse sutured kitten tend to be less narrowly selective for orientation than the remaining fields, in the initially experienced eye, and this seems also true in the monkey, although the orientational sequences adopted in the newly experienced eye are well matched to those in the other eye. fig. 8 , for the four reverse sutured monkeys. The age at reverse suture is indicated on the left. The column labelled 'VUE' shows the number of visually unresponsive units.
DISCUSSION
Just as in kittens, the major changes induced in the monkey's visual cortex by monocular deprivation are not irreversible. Even when the excitatory influence of one eye has effectively been removed from the majority of neurones outside layer IV c, that input can be restored, and can itself come to dominate the cortex as totally as did that from the other eye before reverse suturing. Thus, outside the fourth layer at least, the effects of monocular deprivation cannot be considered as permanent degenerative changes in synaptic input to cortical neurones. fig. 5 ) is complemented by the way in which influence from the newly deprived eye becomes relegated to a similar pattern of residual 'columns' (Text-fig. 9 ). In the cat there is evidence for orderly reappearance and expansion of 'columns' dominated by the newly experienced eye (Blakemore, Van Sluyters & Movshon, 1976; Movshon, 1976) in the first week or two after reverse suture. But if the reversal comes early enough and the animal is left long enough, the new input completely swamps the cortex. The ocular dominance pattern in the monkey, even outside layer IV c, seems more tenacious than in kittens, and it is attractive to think of the small areas of activity from the deprived eye that survive after the initial deprivation acting as 'seeds' around which the restored input crystallizes. Indeed the background activity driven from the deprived eye, which is a striking feature of these shrunken columns, may in part come from the axons of excitatory interneurones distributed radially up and down from the shrunken stripes of the fourth layer. While they are functionally disconnected from most cortical neurones even within the residual columns, they may still have terminals present near cortical cells and hence have a chance to reinnervate them if reverse suture again puts them at a competitive advantage.
The idea of synaptic competition (e.g. Wiesel & Hubel, 1965a; Guillery, 1972; Sherman, Guillery, Kaas & Sanderson, 1974) has been a valuable semantic model on which to hang a number of examples of neural change caused by disruptions of binocular vision. Although there is not yet a precise theory of how such competition might act at a synaptic level, the minimal requirement would seem to be that the two competing sets of axons terminate sufficiently close together to permit them to do whatever it is that constitutes competition. In that case, how is it that an initially deprived eye can, after reverse suture, reinvade territory in which it previously had no influence? This remains as much a mystery in the monkey as in the kitten. Perhaps the rules that govern the intracortical relay of signals to cells that do not receive direct input are different from competitive rules operating at the geniculo-cortical synapse itself. Maybe the absolute level of use or disuse (rather than the ratio of activity in two competing pathways) plays some part in determining the relay of signals to supra-and infra-granular layers of the cortex, so that when a pathway is reactivated by reverse suture it can come to drive neurones even outside its originally shrunken columns.
Another possibility, discussed by Blakemore et al. (1976) for the kitten, is that axons from the originally deprived afferent pathway (or those of corresponding intracortical relay cells) might in fact remain distributed over most of the cortex but their post-synaptic influence might be totally 'suppressed' (see Mark, 1974 ) and their activity not even be detectable in the unresolved background. Such a hypothesis is needed to rescue the concept of simple synaptic competition as an explanation for the effects of reverse suture, and is attractive in a number of other ways.
The orientational sequences adopted by cortical neurones remained unaltered as they switched input from the initially experienced eye to the initially deprived (see . The progressions were not obviously disturbed at the borders of the exaggerated ocular dominance columns. (Simple photographic methods of correcting for torsion of the paralysed eyes are not feasible in monkeys because, unlike cats, they do not have slit pupils. However, the fact that the peak is so close to zero implies that paralysis did not induce any gross torsional disparity between the eyes.) The major part of the distribution falls in the range + 20°, similar to that reported for a large sample assessed by similar qualitative methods in normal cats (Movshon, 1976) , although quantitative measurement suggests a somewhat narrower range (Blakemore, Fiorentini & Maffei, 1972; Nelson, Kato & Bishop, 1977) . Some of the scatter in the upper histogram of Text-fig. 14 is certainly due to measurement error, but it at least provides a standard against which to judge the data in the experimental animals, where measurement error should be no more severe. The second histogram shows the results for 142 binocular cells from the three monocularly deprived animals. The large number of binocular cells came mainly from the adult and the monkey deprived at 11 months, where the effects were minimal. But even the few binocular units in the 2-5j week deprived monkey were very well matched in orientation. The total distribution has a mean of + 1-2' and S.D. of 11.00.
Finally, the small sample of binocular units from the four reverse sutured animals (N = 30) appears in the bottom histogram, and is not obviously different from the others (mean = + 2.20; S.D. = 12.80). We conclude that cortical neurones in reverse sutured monkeys are capable of regaining in the newly experienced eye approximately the same receptive field characteristics that they are in the process of losing in the initially experienced eye. The situation was quite different in the reverse sutured kittens studied by Blakemore & Van Sluyters (1974) and Movshon (1976) ; binocular cells sometimes had grossly disparate orientation preferences and the columnar sequences of orientation could be quite different for the two eyes. This may mean that the interocular matching of receptive field properties is much more totally constrained by innate factors in the monkey than in the cat. Certainly the prevalence of orientation selectivity in the new-born, visually inexperienced monkey (Wiesel & Hubel, 1974) seems higher than in young kittens Pettigrew, 1974; Blakemore & Van Sluyters, 1975; Buisseret & Imbert, 1976; Sherk & Stryker, 1976) .
However, the animals studied by Blakemore & Van Sluyters (1974) and Movshon (1976) had no opportunity for normal binocular vision: the two eyes were never open simultaneously. Indeed, when kittens are allowed a period of normal binocular vision before initial monocular deprivation, and then reverse sutured, the receptive fields that reappear in the originally deprived eye are well matched to those in the other (Blakemore et al. 1976 ; R. C. Van Sluyters, in preparation). All our monkeys also had an initial brief period of vision with both eyes open, before the first lid suture (see Table 1 ). Thus, while our data seem to support strongly the idea that REVERSAL OF MONOCULAR DEPRIVATION IN MONKEY 251 the orientational 'columnar' pattern in the monkey's cortex is immutable, further experiments are needed to establish this beyond doubt.
The fact that the input restored after reverse suture is very similar in receptive field properties to that assumed to have been there originally could also be taken as evidence that monocular deprivation does not totally displace 'deprived' terminals from synapses on cells outside layer IVc, but leads to some kind of switchingoff of input. Certainly the restoration of similar receptive fields is easier to conceive of in terms of 'de-repression' of ineffective synapses than as the total regeneration of an arrangement of innervating axons identical to those that had been literally displaced.
The sensitive period outside layer IVc
The data from monocularly deprived animals support idea that although major modifications can only occur during about the first 2 months of life, some changes in ocular dominance are possible for neurones outside layer IV c even up to a year of age, if the deprivation is prolonged. Occlusion in the adult monkey has no detectable effect.
The view of the sensitive period produced by reverse suturing is similar to that based on monocular deprivation, just as in the cat (Blakemore et al. 1976) . Reverse suturing in the sixth week causes total inversion of ocular dominance outside layer IVc, while reversal at the end of the second month results in less recapture. And after reverse suture at 9 weeks the small proportion of cells that do become dominated by the newly opened eye are largely poor in stimulus specificity, suggesting that an irreversible rigidity starts to set in by the third month, just as in the cat. Indeed the general similarity in the sensitive periods of kitten and monkey is surprising, given their phylogenetic separation.
A graphical summary of our results appears in . From the ocular dominance distributions in Text- fig. 8 we calculated for both the normal and the monocularly deprived animals an induction index, defined as: the number of cells dominated by the non-deprived left eye (groups 1, 2, 3 and half of group 4) divided by the total number of visually responsive cells.
This index was calculated separately for the 'non layer IV c' units (Text- fig. 15A ) and for the non-oriented units of IVc (Text-fig. 15B ). In each graph the right-hand ordinate is appropriate for these data, which are plotted as open circles for the deprived animals and squares for the normal. The position on the abscissa indicates the age of the animal when the period of deprivation started. The solid horizontal lines in these graphs define the expected limits within which the index could be expected to vary. The lowest value expected is an induction index of 0.5, when equal numbers of units are dominated by each eye, and not surprisingly the normal animal gives values very close to this. The upper line is set at the induction index for monkey V7710, which had early monocular deprivation: 0-89 for 'non layer IV c' units and 0-83 for layer IVc (Table 2) .
To express the effectiveness of reverse suture as a function of age we calculated from each histogram in Text- fig. 13 If re-expansion of columns is possible in IV c, it might seem to contradict a simple and attractive hypothesis put forward by and . Their proposal is based on the fact that the highly segregated pattern of terminal stripes seen in the adult is not present at birth (Rakic, 1977) . In IVc of very young monkeys there is considerable intermixing of axon terminals from cells in left-eye and right-eye laminae of the lateral geniculate nucleus, and many non-oriented fourth layer neurones can be driven by either eye ). By about 6 weeks of age (even in binocularly deprived monkeys) the anatomical parcellation of the stripes is clear and layer IVc approaches adult organization, with equal-sized stripes for the two eyes. The knowledge that the fourth layer is initially occupied by fibres from both eyes led Hubel et al. (1977) . These three graphs plot reversal indices (left ordinate) and induction indices (right ordinate), as defined in the text for: A, oriented cells and non-oriented units outside layer IVTc. B, non-oriented cells in IV c (see definitions in Text- fig. 4 ). C, the width of the physiologically determined ocular dominance stripes in IVc.
Unfilled circles plot induction indices for the three monocularly deprived animals, with the age at the start of deprivation shown on the abscissa. No data appear in B and C for the adult P62, since only three layer IVc cells were recorded. The unfilled squares show induction indices for the normal, P7711. The filled circles are the reversal indices of the four reverse sutured animals, plotted at the age of reversal. The two ordinates in each case are normalized, as described in the text, so that the horizontal lines indicate the range within which values of each index would be expected to vary. fig. 16 . Reconstructions of the dimensions of physiologically determined ocular dominance 'stripes' within layer IVc, for all animals in this study (except P62). Each horizontal bar represents a track through layer IVc. Unfilled regions are dominated by the right eye, filled areas by the left. The vertical line towards the left of each bar is the estimated upper limit of IVc (100 ojm above the histologically determined border, to allow for measuring error; see text). The small vertical lines on each bar show the estimated lower limit of IVc. Every penetration that contained at least one switch of ocular dominance within IV c is included. The scale is corrected for the angle between the track and the surface and thus shows the dimensions of the stripes measured parallel to the surface in the section used to reconstruct the penetration.
Note that left-eye stripes are considerably wider than right-eye stripes in the animal deprived from 2 to 51 weeks and the monkey reverse sutured at 381 weeks.
In the earlier reverse sutured animals, however, the columns are more nearly equal in size. electrode, correcting for its angle of incidence. From these diagrams we measured each column width. The means are listed in Table 2 , separately for each eye, together with the sum of the mean stripe widths in the two eyes and the ratio of left-eye to right-eye mean stripe width. The ratio was 2-85 for the monocularly deprived animal, V77 10, very similar to the maximum value of 2%77, derived by from direct measurements of anatomically demonstrated stripes in monocularly deprived monkeys. This indicates that the deprived stripes were 'shrunken' by nearly 50 % from half the width of an average pair of stripes.
The ratio is similar, 2-72, for F7601, the animal reverse sutured at 381 weeks, implying that the originally deprived stripes remained as shrunken as they were after the initial period of right eye deprivation. On the other hand, the three animals with earlier reverse suture had ratios close to 1D0. Indeed, for P7708 it was 0*67, meaning that right-eye stripes were actually slightly wider on average than left-eye stripes. Given the small samples (4-6 stripes per eye per animal) no single result is compelling, but the over-all impression from these three monkeys (based on a total of thirty individual stripes) is that the originally deprived right-eye columns re-expanded and those of the left eye shrank until they were roughly equal in width.
From these data on stripe widths we calculated an induction index (defined as L/(L+R)) for the normal and monocularly deprived animals, and a reversal index (R/(L+R)) for the reverse sutured monkeys (where R, L are the mean widths of right-eye and left-eye stripes, respectively). These are plotted in Text- fig. 15C with the ordinates again normalized so that the horizontal lines indicate the expected limits of variation. The upper line lies at 0 74 (the induction index for V7710) on both ordinates. This would be the expected reversal index in a reverse sutured animal if the originally deprived columns became as expanded as the originally non-deprived columns used to be. On the left ordinate the lower line is at 0-5 (equal stripe width for the two eyes) and the data for the normal animal (square) and the 11-16 month monocularly deprived animal are close to this value. This analysis, since it rests on calculations of ratios of stripe width, does not depend crucially on the accuracy with which the electrode traversed the stripes orthogonally in the surface-normal plane, nor on the precision with which the plane of section for histological reconstruction fell exactly perpendicular to the cortical surface. In a few cases the plane of section was not orthogonal to the surface, and the cortex appeared in the sections to be significantly thicker than its true value of less than 2 mm (e.g. Text- fig. 3 ). Any tendency in this direction would lead us to overestimate the angle between the electrode and the surface (in the surface-orthogonal plane), and hence to underestimate the projected surface-parallel width of each stripe. This might account for the fact that our values of about pum for the repeat distance of a pair of stripes are somewhat low compared with that of more than 800 /sm obtained by . On the other hand, there might be species differences in stripe width used macaques exclusively.
If at all times the physiologically determined ocular dominance columns in IVc reflect exactly the pattern of termination of afferent axons, Text- fig. 15C indicates that reverse suturing causes axonal sprouting into initially evacuated territory. In normal monkeys, increased axonal arborization and synaptogenesis may well be occurring in IVc during the first few weeks of life, as the stripes become con-
